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Abstract

Using a newly proposed approach involving an internally consistent set of equations, the
ligand field parameters 4/¢, V/& and k are obtained from literature values of the g matrix for
strong field d° systems of various conformations in which |4/¢|<10. Qualitative analysis of
the observed results is done using the Angular Overlap Model, AOM. © 1998 Elsevier
Science S.A.
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1. Introduction

Recently the theory and equations for the g matrix of strong field d° systems with
small crystal field distortions relative to the one electron spin—orbit interaction
parameter were reviewed and reexamined [1]. The literature is full of different
equations that used different starting basis functions, different sign conventions,
and, unfortunately in too many cases, contained errors. This has made it impossible
to examine any systematic trends in some of the parameters that could be obtained
through these equations from the large body of experimental g values in the literature.
One of the things that kept many researchers from using any of the equations in
the literature was the number of possible solutions that appeared necessary. The
equations predicted various signs for each g value and since EPR cannot determine
signs, it was considered necessary to consider all combinations. Further, most studies
were done on frozen solutions so that it wasn’t known which g value to assign to a
given axis.

In the review [1] it was shown that the ambiguities in sign could be greatly reduced
by using the boundary condition that in octahedral symmetry the three g values
must be the same in magnitude and sign. The usual procedure of solving the
equations using all possible sign combinations for the three principal g values was
then not needed. The problem of labeling the g values was resolved by defining the
z direction as the major distortion axis for the ligand field distortion of the t,,
orbitals and x and y by the minor energy distortion as has been done for many
years for the zero field interaction and the quadrupole interaction. Thus one does
not need to try all possible assignments to x, y and z. This mini-review will apply
this approach to a variety of systems using the recent review article of Rieger [2] as
a starting point and as a reference for much of the literature.

2. Strong field d° g matrix equations

Two distortions from octahedral symmetry have been considered; tetragonal and
trigonal. For tetragonal distortions two separate basis sets have been used in most,
if not all, treatments in the literature; d,, d.;, d_; or d,, d.., d,.. The equations
for the two distortions and two basis sets are summarized below. More details can
be found in the review article [1]. In addition, it was found necessary during the
course of writing this article to consider a third type of distortion that exists in the
cis complexes of MX,Y, with C,, symmetry. Unlike the tetragonal distortion pre-
viously considered, this complex does not have all principal axes along the xyz
bonding axes. Details for this are also included below.

2.1. Tetragonal distortion

2.1.1. dyy, d.y, d_, basis set

The one electron ligand field energy parameters are defined as

V
<dxy|HC|dxy> :Aa <dxz|HC|dxz> = 5 = _<dyz|HC|dyz> (1)
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The requirement that the z direction be the major distortion axis is accomplished
by requiring that |4|>2|V|/3. The x and y axes are designated by the requirement
that V" and 4 are always of the same sign. The solution of the two energy matrices
including the spin—orbit interaction is done using as basis functions
|—1,+3>=d{d;didd%; [+1,+3y=dfd-,did df;

xyQxy xyxy
0,+4>=+id/d;dZ,d5 (2)
This calculation gives a Kramer’s doublet ground state that can be written as
s =al+ 1L, =3 +bl0.3) +c|— 1.3
Yo =a=15+bl0,—3) +c+ 13

and these two functions are then used to calculate the effective S=1/2 spin
Hamiltonian that represents the behavior of the Zeeman energy of this doublet. This
is the point where most of the inconsistencies in the literature have arisen. The
subscripts of + and — given above indicate which function is assigned the
Mg= +1/2 quantum numbers in the derivation. Thus we have two possible results.
What has often been overlooked is that although the magnitude and relative signs
of a, b, ¢ in Eq. (3) are obtained from the energy calculation, the relative phases of
the two Kramer’s doublet functions are not. That is, the sign of a, b, ¢ in  _ could
be the same as in . or the opposite. We thus end up with four possible sets of
equations for our three g values. These are listed in Table 1. Case 1a is for the labels
of plus and minus to be assigned as shown in Eq. (3) above and the coefficients «,
b, ¢ to have the same sign in both functions. Case 2a is for the same assignment of
plus and minus but the relative signs of a, b, ¢ are opposite. Cases 1b and 2b have
the plus and minus signs interchanged from la and 2a, respectively. It will be noted
that equations for the four cases differ only in the signs of the three g values.
When one encounters more than one solution in a physical problem, one searches
for boundary conditions in which one, hopefully, knows something about the correct
physical result. Three boundary conditions come to mind. One is when 4 becomes
positive and large and two is when it becomes negative and large in magnitude. In
these two cases we should extrapolate to the free electron spin values of 2 for all
three g values. The third boundary condition is for octahedral symmetry where 4=
V=0, in which case all three g values have to be equal by symmetry. Unfortunately,

(3)

Table 1
Equations for the g matrix for the four possible cases using the d; and d,, basis functions for ¢,

Case® g, 8y 8-

la —2[—2ac+b* +kV2b(a—c)] —2[2ac+b*+k\2b(a+c)] —2[a*— >+ +k(a®—c?)
2a —2[—2ac+b*=k\V2b(a—c)] 2[2ac+b* +k\V2b(a+¢)] 2[a>— B+ A +k(@®—c?)]
1b 2[—2ac+b* +k\2b(a—c)] 2[2ac+b* +kV2b(a+¢)] —2[a*— >+ +k(a®— )
2b 2[—2ac+b* +k\V2b(a—c)] —2[2ac+ b +k\2b(a+c)] 2[a* —b*+ A+ k(a®—A)]

2 Defined in main text of article.
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these three boundary conditions cannot be met simultaneously by any of the four
cases considered. Only case la will meet the octahedral condition giving g= —2 for
all three directions. The negative sign has actually been confirmed in a few systems
by measuring the direction of rotation in the Larmor precession [3]. The equations
for case la predict that g, and g, approach —2 for large positive values of 4 while
g, approaches +2. Therefore case 1b is needed to satisfy this boundary condition
and this is the case adopted by perturbation treatments in this region. For large
negative values of 4 and moderate values of 7 only case 2a would satisfy the
boundary condition of all g’s equal to +2. Note, V=0 should not be considered
because the Jahn-Teller theorem would predict a distortion. The fact that three
different cases are needed to satisfy the three sets of boundary conditions is likely
evidence of the inadequacy of the spin Hamiltonian representation for the system.
I contend that one must use the boundary conditions closest to the system being
represented and case la is the correct one for systems with small distortions from
octahedral symmetry. The inconsistencies of most treatments in the literature come
from ignoring all boundary conditions and choosing one of the four cases by
pure whim.

It is reasonable to ask which case to choose in the intermediate regions but
there is no correct answer. One could suggest the change occur at the value of
A/E at which a g value changes sign but I would suggest that case la be used
for |4/&] <5 and the case appropriate to the limiting conditions for large magnitudes
of A for |4/¢|>5. EPR only determines absolute values of g since
g=Vg2 sin? 0 cos? ¢ +g2 sin? 0 sin® ¢ +g? cos® 0. Experimental methods of deter-
mining the sign of g are generally limited to the three boundary condition regions
since we need a magnetic moment that can freely precess. The only important
condition is to treat your systems in a consistent manner.

The principal g matrix values are then

g.= —2[—2ac+b* +kV2b(a—c)]
g, = —2[2ac+b*+k\V2b(a+c)] (4)
g.=—2[a* —b>+? +k(a®> — )]

where k is the orbital reduction factor. The four parameters «, b, ¢ and k can be
obtained from Eq. (4) and the normalization condition a*+ b*+c¢*=1. It was shown
that with the restrictions given above that there are only four possible assignments
of the experimental g values. The largest and smallest g values, in magnitude, are
either g,, g, for 4>0 or g,, g, for 4<0, respectively. The intermediate g is always
g,- The largest two g values, in magnitude, are always negative, while the smallest
in magnitude can be plus or minus. Two of these four assignments will violate the
condition |4|>2|V]/3, so that only the two solutions appropriate to the two possible
signs for either g, or g, will need to be considered. If you wish to know the values
of 4 and V appropriate for an interchange of the labels x and z, they can be obtained
from the conversion equations

A'=—-0.54-0.75V; V'=0.5V—-4

where the prime parameters are for the assignment where |4'| <2|V"|/3.



B.R. McGarvey | Coordination Chemistry Reviews 170 (1998) 75-92 79

From the values of a, b, ¢ and k, the values of 4/¢ and V/¢ can be calculated
from the following equations

A [b(1=b*)+V2a(1—24?)]

e 2(a® —c?) )
v_ c(2a+V/2b) ©
& (F=a?)

where ¢ is the single electron spin—orbit constant for the d° ion.

2.1.2. dyy, dy, d, basis set

In this case the ground state Kramer’s doublet is written for case la as

Yo =Alxp3 +Blyz,— 3> + Clxz,—3) 7
Y- =—Alxy,—3 +Blyz3) — Clxz.3)

where
by, 5 =didodidnd s ez £5) =id id nd d d s
vz, £5=didodid L d (&)

Using the same definitions for the ligand field parameters and the assignment of the
x, y and z axes, the g matrix equations become

g =2[B*— A% — C* —2kAC]
g, =2[C? — B> — 4> —2k AB] 9)
g. =2[4* — C* — B —2kBC]

which are much more symmetrical than the equations proposed by Taylor [4], that
are used by many researchers in the field. Conversion of Eq. (9) to Eq. (4) can be
done with the equations

B:(a—f-c)_ :(a—c)

A=b; Vi NG (10)

2.2. Trigonal distortion

We will only consider a trigonal distortion with a C; axis so all the systems will
have axial symmetry. Since most of the systems with a trigonal distortion are tris-
bidentates in which the bond angles are not 90°, we must consider the possibility of
considerable configuration interaction with the t3e states. The Kramer’s doublet for
case la is now

lp-*- :at|+’_%>+bt|0>%>

11
lp*:_at|_’+%>_bt|0>_%> ( )
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where
I+, £ =15 ()15 ()15 (—)t5(0)15(0);  |—,£3>=15 (+)t5 (H)15(—)t5 (0)15 (0);
0, £3> =15 (+)t5 (+)15 (—)t5 (—)t5(0) (12)

1(0)=dy; t,(£)=tods,—Pd+, (13)

In octahedral symmetry «=1/2/3; f=1/V/3 and these are the usual values used in
previous treatments but we should consider the possibility that this is not correct
for the tris-bidentate complexes. Considerable distortion of the bond angles from
90° would allow o interactions to add to the normal 7 interactions. In this distortion
there is the one ligand distortion parameter 4= {#,(0)|H|?,(0)>. The g matrix
equations become

g =2[b7 —a7 — (202 = f*ka?]; g, =2[—b; —V6ka,b,f] (14)

The sign of g, is always negative for case la while g, can be either negative or
positive when A/ is positive and larger than approximately one. A4/ is obtained
from the equation

2 2
42%(2_352)4_@ (15)
¢ 2a,b,
Unfortunately there are five unknowns a,, b,, o, § and k and only the four equations
which are given by the two in Eq. (14) and the two normalization equations of
o>+ B?>=1 and a? +b? =1 and this has led most researchers to assume the octahedral
values of o and . We shall examine this problem below.

2.3. Cis complexes of MX,Y,

This system offers some difficulties in that one of the three principal axes falls
along the bond axes. Since the principal g values must lie along symmetry axes, we
must use d orbitals for the t, set appropriate to the symmetry axes rather than the
bond axes. We shall choose as our z axis, the X-M-X axis because it offers the
simplest transformation to convert orbitals to the bond axes system but will also
turn out in most cases to be the axis for the major distortion of the t, orbital
energies. That this is the major distortion axis is readily seen if we realize that in
the bonding axes system, there are two planes with three X ligands plus one Y
ligand and one with two X ligands plus two Y ligands. We have chosen the z axis
to be perpendicular to the orbital in that plane since it should be different in energy
from the other two orbitals. The x axis will be taken to be the C, axis bisecting the
two M-Y bonds. The relationship between this xyz system and the bond axis system
x'y'z" is given by

dx2—y2 :dx/y/; dxz = ( l/vz)[dx/z/ + dy/z/]; dyz = ( 1/\/5)[ _dx/z/ +dy/z/]

We start with the following basis functions: 9 =d.., 95, =id,., §,, =d,>

Vo> > and

-y
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define the parameters as

V
<’9A, |HC|'9A1 > =4 <’932|HC|'~932> = 5 = <1931 |Hc|931> (16)

If we now write the full d° functions as
W? —3%, 13> =95 95, 95,95, 94,5 1x2, 13> =084,95,91, 94,95,
vz, £3>=i%, 95,94, %4, 95, (17)

we obtain two energy matrices identical to those obtained in the tetragonal distortion
for the d,,, d,., d,, basis set, except |xz,+1/2> and |yz,+1/2} are interchanged. We
thus obtain for the Kramer’s doublet

lp+ :A|xy’%>+B|xza_%>+clyza_%>

1 1 1 (18)
-= _A|xy’ _§> +B|XZ’§> - C|yZ’§>

and for the g values
g =2[B*—A*—C*—-2kAC]
g, =2[C* —B*>—A*> —2kAB] (19)
g.=2[A*> - C*— B> —-2kBC(C]

Thus we can use the same tetragonal equations but assign the coefficients 4, B, C
to slightly different functions.

The C,, symmetry allows for configurational interaction such that the 4, function
can be written as §,, =ad,>_ 2 +bd.>. If this form is used, the g, term in Eq. (19)
has the k multiplied by (a+V3b) and k in g, is multiplied by (a—V/3b).

3. Application of equations to experimental results

For tetragonal distortions a simple program has been written [1] to solve Egs. (4)—
(6) for tetragonal distortions given the absolute g values and using the sign conven-
tions and coordinate assignments outlined earlier. Eq. (10) can be used to obtain
the orbital parameters for the other basis set of d,,, d,., d,.. A similar program has
also been written for the trigonal case.

Most of the g values in the literature were obtained from either powder or frozen
solution spectra and cannot be considered very accurate or reliable. They are
reasonably good if the line widths are narrow and one can easily resolve the three
g regions but this is not often the case. The best method to extract the g values is
to use a simulation program to fit with the experimental spectrum but this has not
been done in most of the literature on d° systems. In fact most literature references
never tell us how the g values were extracted and do not show the spectra, and one
often suspects the method was not very good. In fact there are examples, when a
spectrum is shown, where it can be seen that the g values were chosen incorrectly.
One example, of many, is in the paper by Araneo et al. [5] where it is clear that the

xys Yxzo
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method of choosing the intermediate g value is wrong. All of the above discussion
has been given as a warning that the values of 4/¢, V/& and k given below may be
very approximate.

For the qualitative analysis of the signs and magnitudes of the values for 4/£ and
V/& found from the calculations, the Angular Overlap Model [6-9], AOM, will be
employed. Use of this simple model seems to explain most of the features observed.

3.1. Tetragonal hexa-monodentate complexes

We first consider representative examples of complexes with six monodentate
ligands which can be reasonably treated as typical tetragonal distortions. In Table 2
are given the two solutions, with the result having the smaller k& value given first,
for a selected group of complexes. These fall into the categories of MXy, MX5Y,
trans- and cis-MX,Y ,, trans-MX,YZ, and mer-MX,Y ;. The fac-MX,Y; are trigonal
in symmetry and are listed in Table 5 with the trigonal complexes. The asterisk
indicates the favored solution. The reasons for the choice will become apparent in
the following discussion, but in general it is determined by a combination of the
value of k and the reasonableness of the magnitude of 4/ and V/¢&. In the following
discussions, the following values will be taken for the single electron spin—orbit
parameter & E(Fe3*)=400cm ™, {(Ru**)=1000 cm~?, £(0s**)=3000 cm ™.

An examination of the table reveals the following general features. The supposedly
octahedral complexes are all distorted to give three different g values which can be
attributed to the static Jahn—Teller distortion of the degenerate *T,, ground state.
The fourfold symmetry (FV'=0) of the MX,Y and trans-MX,Y, complexes is found
when 4/¢& is positive but is missing when 4/¢ is negative. Again this can be attributed
to a static Jahn-Teller distortion of the ’E, ground state for the ion when A4/ is
negative. The mer-MX;Y;, which have a C,, symmetry, have magnitudes for V/¢
that are sizable as might be expected. Since we designate the principal coordinate
system by the crystal field distortions, we don’t know where the z axis is relative to
the molecular axes except for those that exhibit axial symmetry. The single crystal
study [12] for [Fe(CN)sNH;]?>~ found the z axis to be the Fe-NH; bond axis but
the single crystal study [18] of mer-Os(Pbu,Et);Cl; found the z axis for the complex
to be perpendicular to the C, axis of the molecule close to the Cl-Os—Cl axis.

In the AOM treatment of these systems, we recognize that the d orbitals that
have unpaired electrons interact with the ligand orbitals in a = fashion. The energy
of interaction for the antibonding d orbitals with one ligand atom will be represented
by the symbol €,. Thus if we take the z axis to be the M-Y axis for the MX,Y and
trans-MX,YZ complexes the energy of the three d orbitals will be

E(xy)=4¢,(X); EMxz)=E(yz)=2€,(X)+€,(Y)+¢,(Z) (20)
giving

A=[e.(X)—e.(Y)] (for MXsY ) and

A=2¢,(X)—€.(Y)—¢€,.(Z) (for MX,YZ) (21)
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Applying this to the MX.,Y complexes and assuming that €,(NH;)~0, we obtain
for [Fe(CN)sNH;]*~ 4=¢,(CN)= —690 cm ™!, assuming the best solution is that
with the smaller k& value. The negative sign for ¢,(CN) would be due to n back
bonding into the LUMO orbital of CN~ making the cyanide ion a m acceptor
ligand. For the complexes with X=NH;, we obtain ¢,=870cm ! for Cl~ and
660 cm ! for Br~ in ruthenium(III) complexes and €,=1000 cm ! for Cl~ in the
osmium (I11) complex. These are reasonable values for €, for the halides as © donors.

We now consider the MX,YZ complexes, which require the second form of
Eq. (21). For trans-[Ru(NH;),Cl,]* the solution chosen is the one with a k value
larger than unity because the other solution has an unreasonably large value of 4.
This complex gives €,=480 cm ™! which is smaller than that obtained from the
MXsY complexes but this could be justified by noting that this complex has two
negative chlorides donating electrons into the same d orbitals. The other complexes
of this type all have X =halide ion and a positive value for 4. The positive value
means that the €, of the halide must be more positive than that of the trans ligands.
In the case of trans-[Ru(PEt;),Cl,]~, we get a value for ¢,(Cl ™) about half of that
obtained from frans-[Ru(NH;),Cl,]" indicating that e, for PEt; is small. Using
similar arguments for the others required us to choose, as the correct solution, the
one with k=1.1-1.2 rather than the ones with k~1 which give an unrealistically
large value for 4. The similar values of 4 for related complexes having two trans
CO ligands versus those with one CO and one py ligand would suggest similar
values of €, for both of these ligands.

There are no cis-MX,Y, (C,, symmetry) complexes in the table but it is of interest
to see what the AOM approach would predict. Using the coordinate system defined
earlier in Section 2.3 and remembering that the d,, and d,, orbitals in this system
are linear combinations of the d,,, and d,,., orbitals in the bond axis system, we
obtain for the d orbital energies

E(xy)=2€,(X)+26,(Y); E(xz)=E(yz)=3€,(X)+¢€,(Y) (22)
and therefore
A=¢€,(Y)—e(X); V=0 (23)

This predicts an apparent axial symmetry in the g matrix but the z axis is perpendicu-
lar to the C, axis of the complex.

The mer-MX;Y 3 complexes which also have C,, symmetry with the C, axis being
the X-M-Y axis. The other two axes are X-M-X and Y-M-Y. If we try the C,
axis as z we obtain the energies

E(xy)=2€,(X)+2,(Y); E(xz)=3€,(X)+¢€,(Y);
E(yz)=¢€,(X)+3e.(Y) (24)

which would give 4=0, V'=2[e,(X)—e,(Y)]. Since this is an unacceptable solution,
we must choose the z axis to be perpendicular to C,. Interchanging the labels x and
z in Eq. (24) will give 4=3[e (Y )—€,(X)]/2; V=[e(Y)—€,(X)]; and V/4=2/3. 1t
is pleasing to note that the z axis is perpendicular to C, in the one system studied
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in a single crystal [18]. /4 is close to 2/3 for the mer-Ru(SMePh),;Cl; complex and
near 0.25 for the two phosphine-like ligands in Table 2. V/4 #2/3 comes about when
€, for the axial ligands are different from that of the same ligands in the equatorial
positions.

3.2. Tetragonal mixed monodentates, bidentate complexes

In Table 3 are listed the results for complexes that have one or two bidentate
ligands in a six coordinate complex. The quadradentate cyclam complexes have been
included as it is basically two ethylene—diammine, en, complexes fused into a ring
structure. Attempts to explain the results in terms of 7 interactions only, as was
done above for the complexes with monodentate ligands, is not expected to be as
successful since the bite angle could be different from 90° resulting in ¢ interactions
becoming significant.

We have put no asterisk to indicate a choice as to the best of the two solutions.
All of the solutions that have a k value closest to or below unity have the largest
value of 4/& which in many cases for the ruthenium complexes gives unreasonably
high values for 4. Unfortunately, there are no single crystal studies among these
systems to give us an idea as to the location of the principal axes relative to the
molecular axes in these low symmetry complexes.

The first three complexes in the table have only one bidentate ligand and are
necessarily cis in conformation. If only © interactions are important and are domi-
nated by €,(CN), Eq.(23) would predict that 4 is positive and V is small in
magnitude. This is true except for [Fe(en)(CN),]”, which means that the largest
distortion for this complex is along an axis perpendicular to that of the other two
complexes. If we were to use the same xyz axes that were used for the other two
(namely, g,=—3.15, g,=—1.99, g,.=+0.82), (4/¢, V/¢) would become (1.850,
2.730) and (0.670, 0.638) for the two solutions, respectively. Apparently, the ethylen-
e—diammine ligand causes considerable distortion from octahedral geometry. The
few significant figures for g and the large values for k leads us to suspect that the
V'=0.0 for [Fe(phen)(CN),]~ is the result of an incorrect determination of the three
g values.

The five complexes in Table 3 with a trans conformation have equatorial ligands
with €, 20 which according to Eq. (21) should give a negative 4 of similar magnitude
for all of them. The positive value for frans-[Ru(en),Br,]* is probably the result of
en distorting the energy system more in the plane perpendicular to the Br—-Ru-Br
axis. If we interchange the x and z labels, (4/¢&, V/¢) would become (—1.704, —1.339)
and (—0.546, —0.427) for the two solutions, respectively.

The last four cis complexes in Table 3 which have two bidentate ligands can be
approximated as a cis MX,Y, system for which we use Eq. (23). Since the Y ligand
is the major © bonding ligand we would expect a positive value for 4. Three of the
four do have a positive value, at least. The symmetry is C, at best for these
complexes, so distortions of bonding axes from 90° could result in configuration
mixing with the e, orbitals and this may explain the results for cis-
[Ru(dmpe),CL,]*.
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3.3. Tetragonal Fe(Ill) porphyrin complexes

We now come to the model porphyrin complexes. In Table 4 are listed some of
the results for these systems. Most of the complexes in the table involve tetraphenyl
porphyrin, TPP, which has a fourfold symmetry but all of the complexes in the
table have V'#0, which has to come from either the lower symmetry of the axial
ligands or a Jahn-Teller distortion of TPP. If we had only TPP bonded to the iron
atom and take the z axis perpendicular to the TPP plane, the AOM model would
give

E(xz)=E(yz)=2¢,(TPP); E(xy)=0 (25)
A= —2¢,(TPP); V=0 (26)

A negative value for 4 would give a degenerate E state which should distort
according to the Jahn-Teller theorem to a tetragonal symmetry. Many of the com-
plexes in Table 4 have two ligands bonded along the z axis that are aromatic and
capable of m bonding, mainly through their conjugated m system. Strouse and
co-workers [28] have proposed a model for these systems to explain 4 and V. If we
assign the x axis to be in the plane of the axial ligand, we add 2¢ (a) to E(yz) in
Eq. (21), if both axial ligands are oriented in the same plane. This then gives for 4
and V

A= —2¢,(TPP)—¢ (a); V=—2¢.(a) (27)

If €,(TPP)=¢€,(a), V/4 would be 2/3 and if ¢,(TPP)<e¢_(a), we would find that the
z axis, as defined in this work, would be found in the porphyrin plane. Note that,
in this model, the axial distortion would disappear if the two axial ligands were
oriented perpendicular to each other.

Single crystal studies [27] have shown that for [Fe(TPP)(py),]* and
[Fe(TPP)(CN),]~ that the z axis in Table 4 is perpendicular to the porphyrin plane
while the x and y axes are between the two nitrogen atoms of the porphyrin for the
py complex and near the Fe-N axes for the CN complex. The above model does
not apply to the CN complex because there is no anisotropy in the © interaction of
the CN ™ ion. For this complex, the AOM model would predict axial symmetry
with 4= —2[e,(TPP) +e€,(a)]. The similarity in 4 and V for both of these complexes
would suggest that €,(a) is small for both CN ™ and py in these porphyrin complexes
and the V is primarily due to other distortions. The solution with the larger k value
is favored because the A value for the other solution is unreasonably large. The very
different result [25] for [Fe(TPP)(py),]" in frozen solution from the single crystal
result is due to the fact that the g, listed in the table was estimated from the other
two by assuming the sum of the squares of the g values is 16, which apparently is
not a reliable method, particularly for solution systems in which the other g values
were poorly determined.

Explaining the other single crystal result for [Fe(TPP)(SPh),] ™ is difficult. The
ease of detection at higher temperatures, 160 K, favors 4/£=10.3 but this gives a
k=1.36 and 4 and V' values much too large to explain in terms of an AOM model
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involving w interactions only. A similar problem of interpretation occurs with the
[Fe(PC)(OH),]” complex in which high temperature detection favors the larger
magnitude 4 and V values.

Most of the TPP complexes with aromatic ligands fit the AOM theory given
above with 4 negative and large values of V, some approaching V/4=2/3. The
positive sign for A4 for [Fe(TPP)(pyrazole),]™ and [Fe(TPP)(s-triazine),]* are
simply cases where the major distortion direction has switched into the porpyrin
plane. The values of 4/¢ and V/¢ for z being perpendicular to the plane of these
two complexes are (—2.769, —2.960) and (—3.369, —2.358), respectively. The
favored solution in Table 4 for these complexes is the one with the larger 4 value,
because many of these complexes have been detected easily at 100 K. In most cases
this is the solution with & closer to unity.

The positive values of 4 for the three complexes with the sulfur ligands PhS™ and
tht, tetrahydrothiophene, would suggest €,(S) is large and negative but the large
magnitude for PhS™ seems too large to be reasonable. Perhaps other distortions
bringing in sigma interactions are present in these systems.

3.4. Trigonal complexes

Analyses of these trigonal complexes assuming «=V/2/3; f=1/V/3, are given in
Table 5. In the case of [Os(bpy)s]> " and [Os(phen);]** g, was not detected but its
magnitude was estimated to be less than 0.4 and that is the value used in the
calculations. There is little difference between the g, = +0.40 solutions. It is difficult
to detect very small g values in powder spectra due to the large line widths. In the

Table 5
Trigonal Fe(I11), Ru(III) and Os(III) complexes with bidentate ligands
Complex g, g a(t) b(t) A)¢ k Ref.
[Fe(en),* * —2.68 0.60 0.4863 0.8738 1.377 0.959 [32]
—2.68 —0.60 0.6487 0.7611 0.727 1.090
[Fe(bpy)s* * 261 1.61 0.2521 0.9677 3.030 1.068 [33]
—2.61 —1.61 0.7475 0.6642 0.333 1.230
[Fe(phen),P+ * ~2.69 1.19 0.3679 0.9299 2.008 0.993 [33]
—2.69 —1.19 0.7067 0.7076 0.502 1.194
[Ru(en);?* * —2.64 0.33 0.5323 0.8465 1.180 0.947 [34]
—2.64 —0.33 0.6206 0.7841 0.834 1.025
[Ru(bpy),** * —2.64 1.14 0.3829 0.924 1.913 0.933 [33]
—2.64 —1.14 0.7053 0.7089 0.507 1.156
[Ru(phen);?* * —2.63 1.00 0.4143 0.9101 1.731 0.913 [33]
—2.63 —1.00 0.6928 0.7211 0.557 1.125
[Os(bpy)s]** * —2.49 0.40 0.5318 0.8469 1.182 0.829 [33]
—2.49 —0.40 0.6389 0.7693 0.764 0.940
[Os(phen);** * —243 0.40 0.5360 0.9442 1.165 0.785 [33]
—2.43 —0.40 0.6430 0.7659 0.749 0.902
Jfac-Os(PBu,Ph);Cl, —1.83 1.28 0.4087 0.9127 1.763 0.156 [15]
*

—1.83 —1.28 0.7736 0.6337 0.216 0.741
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osmium cases the Gaussian line width for g, should be six time greater than that
observed for g,. It should be noted that 4 is positive for all complexes listed in
Table 5. In simple crystal field models a positive 4 means a trigonal elongation from
octahedral symmetry.

In every case, except for fac-Os(PBu,Ph);Cl; we have indicated the favored
solution to be the one with the lower k value. Support for this comes from the
analysis of the variation of f and 4/¢ as a function of k using Egs. (14) and (15).
A plot is given in Fig. 1 for [Fe(en);]** for both plus and minus g, values. Similar
plots are obtained for the other tris-bidentate complexes. The horizontal line indi-
cates the octahedral value of 5. Note that the range of acceptable k values is more
acceptable for the favored solution. A more powerful argument for the favored
solutions comes from an examination of the change of 4/¢ for the series Fe, Ru, Os
for the same ligand. A4/¢ decreases as you go down the periodic table for the favored
solution and increases for the other solution. Since we could expect 4 to be similar
for the triad or at most increase proportional to the crystal field interaction, a
decrease in 4/ as we go down the periodic table would be the expected behavior.

In Fig.2 is plotted 4/¢ and f as a function of k for Fe, Ru, Os for
[M(bpy);]**. For k less than that given in Table 5, B increases and A/¢ decreases.
In these trigonal complexes it is not possible to use AOM arguments like that
employed above for tetragonal complexes because in trigonal symmetry it is not
easy to separate © and o bonding interactions. Also, in these bidentate complexes
the metal ligand bonds are not 90° due both to the bidentate bite angle being
different from 90° and the angle between the bidentate—metal plane and the C; axis
being different from the 54.7° angle found when all six bonds are 90°. In every case
listed in Table 5 A4/¢ is positive which in the simple crystal field model would imply

3+
[Fe(en)s]

20

15
ap C
2 0
@ B

os 77

00 L

05 06 07 08 09 10 11 12 13 14 15

k

Fig. 1. A plot of the variation of  and 4/¢ as a function of k for both of the solutions of Egs. (14) and
(15) for [Fe(en);]**.
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Fig. 2. A plot of 4/¢ and B as a function of k for [M(bpy);]** where M =Fe, Ru, Os.

an “‘elongation” distortion in which either the bite angle of the bidentate is greater
than 90° or the angle between the bidentate—metal plane and the C; axis is less than
54.7° due to inter-plane repulsion. The simple point charge model would also favor
a smaller value for f when there is such an “elongation” distortion which means
that larger values of k than those given in Table 5 should be favored.

4. Conclusions

A systematic comparison of the parameters obtained from the g matrix of strong
field d° systems has been difficult, due to the use of a variety of different equations,
symbols and conventions by various researchers. The requirement that one must
choose between 64 combinations of sign and coordinate axes was also discouraging
to many. The purpose of this small review is to show that the systematic and simple
approach developed earlier [1] for the analysis of the g matrix could be useful for
analysis of trends. It is of interest to see how well the AOM approach can account
for much of the results obtained from the tetragonally distorted complexes.

The large body of work on heme systems has been left out deliberately to keep
the review short. Someone else more closely connected to the field should apply the
approach used here to the heme systems.
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